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Abstract: The demand for metals from the entire periodic table is currently increasing due to the
ongoing digitalization. However, their use within electrical and electronic equipment (EEE) poses
problems as they cannot be recovered sufficiently in the end-of-life (EoL) phase. In this paper,
we address the unleashed dissipation of metals caused by the design of EEE for which no globally
established recycling technology exists. We describe the European Union’s (EU) plan to strive for
a circular economy (CE) as a political response to tackle this challenge. However, there is a lack of
feedback from a design perspective. It is still unknown what the implications for products would
be if politics were to take the path of a CE at the level of metals. To provide clarification in this
respect, a case study for indium is presented and linked to its corresponding recycling-metallurgy of
zinc and lead. As a result, a first material-specific rule on the design of so-called “anti-dissipative”
products is derived, which actually supports designing EEE with recycling in mind and represents an
already achieved CE on the material level. In addition, the design of electrotechnical standardization
is being introduced. As a promising tool, it addresses the multi-dimensional problems of recovering
metals from urban ores and assists in the challenge of enhancing recycling rates. Extending the focus
to other recycling-metallurgy besides zinc and lead in further research would enable the scope for
material-specific rules to be widened.
Keywords: product design; dissipative loss; EEE; WEEE; urban ores; metals; indium; recycling;
circular economy
1. Introduction
The ongoing digitalization and rapid diffusion of electrical and electronic equipment
(EEE) since the beginning of the 21st century led to an enormous demand for all kinds of
metals that are responsible for these devices’ functionalities [1,2]. As a result, a massive
shift of metal reserves from the ecosphere to the technosphere continues, substantial envi-
ronmental degradation [3] is being accepted despite the limited availability of metals for
humankind [4]. Once there, they become objectified as so-called “designed minerals” [3]
by means of ever more complex devices. Generally, the range of built-in functions and the
variety of elements used in smartphones and other EEE is increasing [5]. As metals are
theoretically infinitely recyclable, the reality differs greatly for a variety of reasons [6–8].
They depart the anthropogenic material cycle [9] and dissipate into the environment with-
out any chance of recovery [10]. As a consequence, they can no longer be used by current
and future societies [11]. A driving force causing dissipative losses is an irresponsible
design of products, that is, applying new material mixtures not compatible with existing
recycling processes [12] as well as building in components that make dismantling and
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material separation challenging or even unfeasible [10]. The 30–40% recycling efficiency [9]
of the Fairphone 2, probably the most sustainable smartphone [13], is indicative (obviously
no tests regarding recyclability of Fairphone 3 have been conducted to date). It must be
stated that recycling technologies have not been able to keep pace with the development of
advanced and complex products [10]. A trend of growing imbalance between technological
(over-) development of EEE and metallurgical processes is becoming more apparent and
shows up in the increasing volume of waste of electrical and electronic equipment (WEEE),
one of the most rapidly rising waste streams in the world [14]. It has grown by >30%
from 2005 to 2020 in the European Union (EU) [15]. Not to mention the fact that an end
is far from being in sight as efforts continue to fully implement digital technology in the
values of the EU [16,17].
1.1. Legal Measures of the EU to Counteract Metal Dissipation
The commitment against increasing dissipation of metals in the end-of-life (EoL) phase
of EEE [18] with rising WEEE and for improved recovery of metals from urban ores is
partly expressed in the EU’s ambitious plan to strive for a circular economy (CE). By means
of specific measures, it is supposed to succeed in establishing “a well-functioning internal
market for high quality secondary raw materials” [7].
On this path of the EU, the waste hierarchy is of great concern. It is in general meant
to protect the environment and human health from the effects of the resulting waste. In the
corresponding Directive 2008/98/EC, the member states are called upon to facilitate high-
quality recycling of essential materials, such as metals. It argues for appropriate operating
mechanisms such as reporting by the member states to the EU on the achievement or
non-achievement of specified targets [19].
Additionally, Directive 2002/96/EG on WEEE, which aims at preventing WEEE as
a major objective, has been implemented into national law within the countries of the
EU [20]. Key statements of amendment 2012/19/EU are an extension in the scope of
validity from 2018 on to all EEE and a 5% increase of recycling and recovery rates by
2018 [21]. What is originally intended to be a worthwhile approach simultaneously turns
out to be an enormous challenge for recycling technology. It has to face the already
mentioned problems on different levels such as fast changes in product design, further
miniaturization of components and thin functional layers, large numbers of construction
materials, and furthermore the required recovery rate [22]. The producers of EEE are also
partly addressed. In accordance with Article 4 of Directive 2012/19/EU, member states
should stimulate producers and recyclers to cooperate and take measures to encourage
the design and production of EEE, in particular with regard to facilitating the re-use,
dismantling, and recovery of WEEE [21,22].
There are other initiatives that aim to improve sustainability issues within the scope
of material circularity such as the Ecodesign Directive 2009/125/EC. The underlying idea
aims at enhancing the design of EEE in order to achieve better recycling of metals [23].
Parameters are identified that refer to different phases of the entire life cycle of products to
set general ecodesign requirements. At the EoL, possibilities for reuse, recycling, and re-
covery of material should be considered along with Directive 2002/96/EG. Ecodesign
parameters for products are, for instance, the number of used materials and components,
standard components applied, time needed for dismantling, materials suitable for re-use
and recycling as well as easy access to precious components and materials. Implementing
ecodesign parameters requires an improved information flow between designers, man-
ufacturers, consumers, and recyclers [24]. The use of critical raw materials and aspects
of the CE has been given more attention in preparatory studies carried out in accordance
with the methodology for ecodesign of energy-related products (MEErP) [23]. The MEErP
is being used to define policy instruments for decreasing the environmental impacts of
energy-related products (ErP) within Europe. It was first published in 2005 and is utilized
in the framework of Directive 2009/125/EC [25].
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However, there are no general requirements that guarantee an increasingly sustain-
able and closed-loop approach to all EEE placed on the market in the EU [7]. Beyond
that, from the perspective of product design, nothing is directly imposed on the manu-
facturers [25]. One could even say that the willingness to change the design of EEE in
order to counteract the dissipation of their inherent metals in the EoL phase is muted by
certain legal requirements. An antagonism between rhetorical commitments with a CE in
mind and actual legislative efforts appears, for example, in Article 15.5. of the Ecodesign
Directive 2009/125/EC. Here it states that measures implemented by it should not have a
negative impact on the functionality of EEE from the perspective of the users. In addition,
corresponding producers should not be burdened with large administrative efforts [24].
1.2. WEEE as a Promising Urban Metal Ore
From the political dimension previously introduced, we take a step forward and look at
WEEE such as smartphones as a challenging yet promising urban metal ore. These devices
are classified as “small IT and telecommunications equipment” within the scope of the
WEEE Directive 2012/19/EU [21]. The average use-time for smartphones in industrialized
countries is 2.7 years [26]. It describes the period of time between the first and the last use
of an object by the same person, family, or organization and indicates that smartphones are
being replaced more often than t-shirts [27]. The time of product exchange is not only being
determined by designers and marketers but is reproduced and negotiated constantly in the
interaction of all actors in the market [28]. Three levels of relative obsolescence, namely
psychological, economical, and technological obsolescence, are known [29]. Some of the
main reasons for smartphones being replaced are however limited device functionality,
failure to meet the desired requirements, upgrades from the supplier as well as new,
more attractive models on the market [27]. In addition to the availability, weight, number,
and type of products, their above-mentioned material composition determines the urban
mine, which is a source of resource recovery.
Various other factors influence the technological and economic potential to recover
metals from these modern mines, especially rapid changes in the design of EEE. As a
matter of fact, the possibility of recycling and recovering metals varies as a function of time.
Whenever rapidly changing technological innovations are introduced by manufacturers
and when products or their components are replaced, recyclers face major challenges in
adapting their recycling technology to the new product characteristics. This is clearly
evident in the case of display technology, where liquid crystal display (LCD) technology
has been replaced by organic light emitting diode (OLED) technology [8,30].
WEEE contains >50 elements in various mixtures and phases [6,8]. From a technological
point of view, smartphones have become more functional over time, which has led to an
increase in energy demand, storage capacity, and materials required [31]. Even >60 elements
are being used to design advanced electronics such as smartphones [32]. Several of them
are defined as “critical” by the EU due to supply shortage risks and their economic impact,
which is higher than for most other commodities [33]. These include antimony, baryte,
beryllium, bismuth, cobalt, gallium, germanium, hafnium, heavy rare earth elements
(HREEs), indium, lithium, light rare earth elements (LREEs), niobium, platinum-group
elements (PGEs), tantalum, titanium, and tungsten [34]. Although the quantity of each
element in a smartphone may seem minor on its own, the combined environmental burden
of extracting and processing these valuable metals the phone contains is enormous with
7 billion devices produced globally between 2007–2016 [32].
A closer look at the metal indium, which is used as a semiconductor in displays,
reveals the relevance of this. While the content per device is only 0.1 g, the content of all
smartphones manufactured since 2007 adds up to 71 tons [31]. This represents the total
refinery production of Japan in 2018 or ~10% of the global share in the same year [35].
Other studies such as the project of prospecting secondary raw materials in the urban
mine and mining waste (ProSUM) show that the amount of indium used in all screens in
European stocks in 2015 is as high as 150 tons [23]. Given this considerable quantity of
Resources 2021, 10, 5 4 of 13
metals used, some studies already speak of a considerable raw material treasure in the
drawers of German households [36].
WEEE is one of the most rapidly rising waste streams in the world [15] with unpre-
dictable growth potential: the number of devices sold is projected to be 0.6 per capita in
2035, almost twice the amount sold in 2012 (0.35 per capita) [37]. On a global average,
up to 18 metals can be currently recovered from urban mines at a rate of >50%. These in-
clude titanium, niobium, chromium, manganese, rhenium, iron, cobalt, rhodium, nickel,
palladium, platinum, copper, silver, gold, zinc, aluminum, tin, and lead [38].
As one of the largest sink of raw materials, WEEE is of global interest [22] especially
regarding critical raw materials and minerals from conflict-affected and high-risk areas [31].
Given this background, the problem of metal dissipation from EEE in their EoL phase,
as described above, is not exclusively a problem in environmental terms. Rather, it is
a promising challenge that attracts large quantities of valuable metals as well as a lot
of money [39]. From this point of view, it is worthwhile to look more energetically for
new strategies and concepts such as the CE, which ideally enable the recovery of the raw
material treasure from urban ores.
1.3. Implications for the Design of EEE
It remains to be seen what the long-term effects of the introduced political measures,
which currently have to be implemented mainly by the recyclers, will be. Nevertheless,
a look at the rate of circular material use [17] already shows how far removed reality
is from the ideal situation promoted by the EU. This was examined in detail [9] using
the product-specific approach, which led to the above-mentioned recycling efficiency of
Fairphone 2.
Recycling of EEE is an important key for enhancing environmental sustainability, as it
not only offers the possibility to prevent the dissipation of metals to a substantial degree
but overall has fewer environmental impacts than the primary production of metals [9,17].
However, recycling processes would need to be considered as a basis at the beginning of
product design if the path towards a CE at the material level is to be taken by the EU.
Otherwise, the recycling technology would permanently lag behind the rapid techno-
logical progress of EEE, resulting in the loss and/or increased use of resource-intensive and
critical metals. The described challenge of urgency is therefore framed within the general
context of scientific evidence that resource use related to present European production
and consumption patterns put at risk the Earth’s vital systems and thus society and the
very basis of economic development [40]. Indications that mankind is at the edge of its
terrestrial possibilities of existence are nothing new, but have been projected for a long
while [41,42] and have led to measures assessing environmental impact intensities on the
micro level such as the concept of material input per service unit (MIPS) [43,44].
2. Building a Material-Specific Knowledge Base
2.1. Case Study
The EU’s plan to strive for a CE lacks feedback from a design perspective. It is not yet
known for which products a CE is already appropriate and for which it is not. Furthermore,
there is still a need to provide sufficient guidance on the remaining possibilities of how
metals can be used in products. To provide clarification in this respect, we will use this
paper to derive initial knowledge for the design of products. For this purpose, the case
study of indium tin oxide (ITO), as a relevant application in EEE, is used to link product
design directly to the field of recycling-metallurgy and to the assessment of the underlying
Metal Wheel’s potential [8] as a possible basis for designing products such as EEE.
2.2. Methodological Approach
Figure 1 reflects our general methodological approach. We start with the processes
of recycling-metallurgy as reflected in the Metal Wheel. From this basis, we derive all
possibilities for a CE, that is, the mainly recoverable elements. According to the case study,
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this usually concerns the metallurgical infrastructure of zinc and lead, as corresponding
carrier metals [8,18,22]. This scope enables us to identify possible functional connections,
called material-specific rules. These are considered to be ingredients of “anti-dissipative”
products, which would represent an already achieved CE on the material level. Further-
more, the design of electrotechnical standardization is being introduced as a possible tool
in order to additionally support the ideally dissipation-free circulation of metals in the EoL
phase of products within a CE.
1 
 
Figure 1. Our methodological approach is based on recycling-metallurgical processes as reflected in the Metal Wheel [8].
The further steps are as follows: Deriving mainly recoverable elements; Referring to a specific segment (Zn-Pb metallurgy
in our case); Identifying functional connections (material-specific rules within a CE); Providing feedback to product design
and politics; Designing standards.
2.3. Metal Wheel
As a widely known illustration based on the processes of primary metallurgy, the Metal
Wheel maps the recycling physics and shows what actually happens with metals included
in EoL devices when they are brought into the processes of their carrier metals. A distinction
is hereby made between interlinked hydro- and pyrometallurgy as well as electrorefin-
ing/winning infrastructure. Each of the included segments constitutes the entire refinery
infrastructure for a carrier base metal refinery [8]. There are a number of different possibili-
ties to link the individual segments of the Metal Wheel in order to recover a larger range of
metals. The integrated precious metal copper-lead-nickel metallurgy of Umicore [22,45]
as well as the multi metal mining of Aurubis [46] are examples of this. For the purpose
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of our case study, we focus solely on the Zn-Pb metallurgy as it is the common and most
appropriate system for ITO recycling [47,48].
2.4. Electrotechnical Standards
Panels in charge of electrotechnical standardization exist at different levels. In na-
tional terms (e.g., in Germany) this is the task of the competence center for electro-technical
standardization (DKE). The European committee for electrotechnical standardization (CEN-
ELEC) is responsible for the European market in close cooperation with the international
organization for standardization (ISO) and the international electrotechnical commission
(IEC) for EEE at a global scale [49].
Generally, the potential of standards to actively support a CE has already been rec-
ognized [50]. Particular focus is on the level of use and circulation of materials, that is,
the aspects of material efficiency [51]. The technical committee 111 (IEC TC 111) globally
covers the area of “environmental standardization for electrical and electronic products
and systems”. In this respect, its aim is to prepare guidelines and horizontal standards to
be elaborated with product committees that improve the recycling and EoL management
of products in terms of a CE [52].
3. Findings
3.1. Challenges Associated with ITO
The metal indium has its main application in the production of ITO, a mixed oxide
consisting of 90% In2O3 and 10% SnO2 used in flat panel displays and touch screens of
smartphones [53,54]. Taking into account the atomic mass, ITO contains 74% indium. As a
cross-sectional technology, flat panel displays are used within different devices. Their sizes
vary depending on the device they are used in and range from small scale versions in
smartphones to large scale versions in monitors. There are also various technological
specifications using ITO as an essential electrode layer [37]. Global refinery production
of indium in 2006 was 580 tons [55]. By 2030, its demand is supposed to increase by a
factor of ~5.5 [56] to 3300 tons as Figure 2 shows. Indiums share of use as ITO in display
technology is predicted to increase from 230 tons in 2006 to 968 tons in 2030 [57] after
indium production has already increased by a factor of four from 1994 to 2006 [55].
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also found in other ore minerals such as chalcopyrite (CuFeS2), digenite (Cu9S5), stannite 
(Cu2FeSnS4), and cassiterite (SnO2) [4]. Usually, >95% [58] of indium is recovered as a by-
Figure 2. Historical production of indium at the global scale from 1994 to 2018 [55]. Demand outlook indicates an increase
by a factor of ~5.5 until 2030 (3300 tons) [56] (average of range), compared to global production of indium in 2006 (580 tons).
Indiums share in display technology is predicted to increase by a factor of ~4 from 2006 (230 tons) until 2030 (968 tons) [57]
(average of range) (own illustration based on [57]).
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In low concentrations, indium is mainly contained within polymetallic ores in the
earth’s continental crust such as sphalerite (ZnS) (up to 0.1%). In smaller quantities, it is
also found in other ore minerals such as chalcopyrite (CuFeS2), digenite (Cu9S5), stannite
(Cu2FeSnS4), and cassiterite (SnO2) [4]. Usually, >95% [58] of indium is recovered as a
by-product [59] during zinc production from sphalerite [35]. Therefore, its availability is
directly dependent and linked to zinc production [54,60]. Obtaining indium is associated
with high environmental burdens as its characterization factor raw material input (CFRMI)
indicates a total material requirement of 3334 kg/kg, which is five times greater than the
amount for lithium and even 21 times greater than that for copper [61].
In the particular case of indium, the main part of the material stream used is currently
not recyclable. This is due to the fact that on the one hand recycling is not economically
viable as a result of technology and economic barriers, such as a decline in the quality of
the materials or low economic benefits compared to costs of recycling [10]. On the other
hand, there is the fundamental reason that designed and artificial “minerals” used in urban
ores [3] are mixed together in such a complex way that their immanent metals become
inseparably connected [8].
Therefore the recycling rate of indium is <1% [38], implying irreversible dissipative
losses of indium for current and future generations [11]. The EU agrees on the importance
of minerals and metals for the transition of all industrial sectors towards a CE [62]. Mainly
for reasons of economic relevance and supply risk, indium has been declared a critical
resource by the EU [34]. It should be noted that many other factors influence how the notion
of criticality is assessed. Political developments, export restrictions by governments, wars,
and civil unrest or sudden increases in demand render the notion of criticality dynamic [63].
A closer look at the metallurgical processes of indium recycling and asking whether or
not the use of ITO as a transparent semiconductor in flat panel displays and touch screens
of smartphones is justified in terms of a CE seems worthwhile.
3.2. Possibilities of Zn-Pb Metallurgy
While the recycling of ITO is not really practiced for the above-described reasons, it is
nevertheless possible as demonstrated in the Metal Wheel [8] (and reflected in Figure 1)
using the most appropriate metallurgical infrastructure of zinc and lead, as corresponding
carrier metals [8,18,22]. The conventional production of primary zinc contains steps for
hydrometallurgical removal of indium from leach solution [47], potentially recovering
>95% of indium [48]. Therefore, the existing zinc production infrastructure provides access
to recover indium from secondary sources. Aimed at ITO recycling, but equally valid
for the steps within zinc production, other procedures describe a sulfide precipitation
step for the removal of tin out of the leaching solution as well as a zinc cementation step
for depositing indium, reaching an even higher indium recovery rate (>99%), which can
ensure significant economic value and practicality [64]. All further derived possibilities
of the Zn-Pb metallurgy for designing EEE and generally products in terms of a CE
on the material level are shown in Figure 3. In total, 11 elements can be obtained that
are compatible with the carrier metals zinc and lead and therefore are recoverable in
subsequent processing steps. This again results in possible functional connections such
as ITO, which are considered to be the scope for designing “anti-dissipative” components
and products within a CE.




Figure 3. Zn-Pb metallurgy [8] possibilities provide material-specific rules on designing “anti-dissipative” functional
connections (In-Sn) within EEE such as flat panel displays and touch screens of smartphones. The use of ITO would be
appropriate in terms of a CE. Standards at a global scale could support the circulation of indium and tin.
3.3. Electrotechnical Standards Improve ITO Recycling
In general, four key actions are at the center of designing a standard. It starts with
the submission of an idea with respect to a standardization proposal, which a panel at the
national level (e.g., DKE in Germany) decides on accepting. Secondly, the draft standard
can be developed together with a group of experts and then submitted to the public for
comments. Within a certain period of time (2–4 months), anyone has then the right to
submit suggestions or even oppositions to the draft prepared. The national panels such as
the DKE then take the drafts forward to the CENELEC and to the IEC. In case there are
no substantial modifications or oppositions, the responsible working group can complete
the manuscript in a last step and prepare it for inclusion in the corresponding body of
standards [65]. Since anyone can submit an application for standardization or even raise
objections during its process, it opens up the opportunity for anyone, that is, the general
public to participate in political discourses and thus in resource-related issues that would
support the recovery of metals from urban ores. As described above, specialized panels
such as the IEC TC 111 have been established to promote the implementation of standards
within a CE for improved recycling of metals from urban ores [66].
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This paper proposes the design and promotion of electrotechnical standards at the
global scale for EEE components based on their corresponding and common metallurgical
infrastructure, that is, defining a compatible material composition of specific components.
Coming from the above-described case study, a standard for flat panel displays and
touch screens containing ITO, as is the case for smartphones, would have to be established.
At different levels, this could address the current multi-dimensional problems of recovering
metals from urban ores such as indium and assist in the challenge of enhancing recycling
rates [3] as follows:
(a) international alignment and harmonization with established recycling processes
would increase the mass as well as the long-term availability of materially identical com-
ponents, which could make it more economical to recycle WEEE at all; (b) a major chal-
lenge for dismantling centers is to sort components according to their material composi-
tion along the right paths in order to enable recycling by type. Materially standardized
and moreover clearly and permanently marked components could provide clarity here;
(c) if several manufacturers were to use the same components in their products, that is,
if different components were reduced to a common level, the price for their production
could decrease due to larger order volumes from suppliers. Besides this would also be
beneficial in terms of repair prior to recycling, as users would more easily obtain spare
parts that are interchangeable between equipment from different manufacturers.
4. Discussion
By directly linking the case study to the corresponding recycling-metallurgical pro-
cesses, the following three important findings could be obtained: (a) the use of certain
functional connections within EEE such as ITO are suitable and constitute the basis for
their appropriate design in the sense of a CE; (b) vice versa, certain connections are most
likely exclusive in principle, meaning that their direct functional connections among metals
are not compatible with the available recycling-metallurgical processes. As long as these
are in use, recovering desired metals from urban mines will not be possible for current
and future generations and thus a CE will remain a distant future; (c) designing standards
of appropriate functional connections such as ITO represents a promising tool in order to
improve the recycling of inherent metals.
4.1. Limitation: The Idea of “Anti-Dissipative” Products
Despite all the enthusiasm for striving towards a CE by the EU [7], which would imply
the design of “anti-dissipative” products on the material level, it must be kept in mind that
metal dissipation for thermodynamic reasons is quite natural. It occurs not only in the EoL
phase but even along the entire life cycle of a product [2,9,18]. The ideal of a CE is therefore
not a goal that can really be achieved. Therefore, the focus tends to be on narrowing and
minimizing dissipative losses, which certainly is essential to ensure that future generations
are not denied access to the urban mines produced today.
4.2. Differentiation: With Material-Specific Rules towards a CE
The product-specific approach of Design for Recycling (DfR) is based on the recycla-
bility profile of given products and provides guidelines that support the circulation of their
respective ingredients. In essence, it seeks to identify the optimal recycling-metallurgical
infrastructure that can ensure the recovery of metals from WEEE [67,68]. In this respect, set-
ting up generalized rules on how to design products with recycling in mind is contradictory
due to the increasingly complex and individual nature of each product [3,8].
However, the DfR approach does not provide information on what is possible from
the perspective of product design in terms of a CE. If information is to be provided from a
design perspective, products would have to be designed and tested from the very beginning
on the basis of recycling-metallurgical processes. This implies that designers would have
to consider these recycling-metallurgical premises within their design processes. To do so,
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they would need material-specific rules. Using this knowledge, they could design and test
“anti-dissipative” products from a CE perspective.
4.3. Conversation: Standards for Resource Management and Regulation
An electrotechnical standard is proposed in this research that aims at a material
harmonization of flat panel displays and touch screens within smartphones that are based
on the use of ITO. In this respect, the chosen case study is appropriate as technological
development in the field of pixel density of screens has reached such a high level that the
human eye is no longer able to recognize individual pixels. Significant further technological
enhancement of the resolution is not to be expected as it would not make any difference to
the human eye.
In general, highly developed technologies can be strengthened and protected by
implementing standards. This enables companies to focus their innovation efforts on other
areas. It opens up the possibility for recyclers to plan their recycling processes in the
long term and helps political actors to regulate resource management when times of crisis
require short-term access to urgently needed resources such as critical metals. It would
furthermore counteract the fact that urban ores are not yet reliable sources of raw materials
because their material compositions are frequently changing at short intervals due to the
rapid pace of technological progress in product design [8].
5. Conclusions
Metals and their functional connections such as ITO play a major role in the ongoing
digitalization. Additionally, they are crucial for economic strategy [2] and are an essential
factor in achieving the sustainable development goals (SDGs) by the United Nations
(UN) [69]. As the demand for metals from the entire periodic table is increasing, it is
important to understand their recyclable properties. Thus, design decisions can be made
that prevent metals from dissipating.
In this paper, we have linked the specific case study of ITO to its corresponding
recycling-metallurgical system. This has enabled us to demonstrate, that the use of ITO as
a transparent semiconductor within flat panel displays and touch screens of smartphones
is indeed possible in terms of a CE. The establishment of standards could furthermore
improve the recycling efficiency of inherent metals and the economical motivation for their
recycling. This first derived material-specific rule can support the process of product design
in terms of a CE. In addition, it can be used to signal politics that it might be appropriate to
strive for a CE in this specific case of ITO. Our findings emphasize the importance of further
research in this area. Extending the focus to other recycling-metallurgical infrastructures
besides zinc and lead would enable the scope for material-specific rules to be widened.
This could result in the identification of whole products for which CE ambitions at the
material level are already possible today and those for which it is not.
Author Contributions: K.S. wrote the paper. He developed the concept, methodological approach
and structure. He managed the review process and created the figures. C.L. supported especially in
developing the methodological approach. K.B. mainly assisted in setting up the paper’s structure.
Both supervised the overall process. All authors have read and agreed to the published version of
the manuscript.
Funding: This research received no external funding.
Data Availability Statement: Data is contained within the article.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. European Environment Agency. Europe’s Consumption in a Circular Economy: The Benefits of Longer-Lasting Electronics;
European Environment Agency: Copenhagen, Denmark, 2020.
2. Exner, A.; Held, M.; Kümmerer, K. Einführung: Kritische Metalle in der Großen Transformation. In Kritische Metalle in der Großen
Transformation; Exner, A., Held, M., Kümmerer, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 1–16.
Resources 2021, 10, 5 11 of 13
3. Reuter, M.A.; Hudson, C.; Van Schaik, A.; Heiskanen, K.; Meskers, C.; Hagelüken, C. Metal Recycling: Opportunities, Limits,
Infrastructure, A Report of the Working Group on the Global Metal Flows to the Inter- National Resource Panel; UNEP, Ed.;
United Nations Environment Programme: Nairobi, Kenya, 2013.
4. Neukirchen, F.; Ries, G. Die Welt der Rohstoffe. Lagerstätten, Förderung und Wirtschaftliche Aspekte; Springer: Berlin/Heidelberg, Germany, 2014.
5. Dießenbacher, J.; Das Reller, A. Fairphone‘—ein Impuls in Richtung nachhaltige Elektronik? In Kritische Metalle in der Großen
Transformation; Exner, A., Held, M., Kümmerer, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2016; pp. 269–292.
6. Reck, B.K.; Graedel, T.E. Challenges in Metal Recycling. Science 2012, 337, 690–695. [CrossRef] [PubMed]
7. European Commission. Circular Economy Action Plan: For a Cleaner and More Competitive Europe; European Commission:
Brussels, Belgium, 2020.
8. Worrell, E.; Reuter, M.A. Handbook of Recycling: State-of-the-Art for Practitioners, Analysts, and Scientists; Elsevier: Waltham, MA, USA, 2014.
9. Reuter, M.A.; van Schaik, A.; Ballester, M. Limits of the Circular Economy: Fairphone Modular Design Pushing the Limits.
World Metall. 2018, 71, 68–79.
10. Ylä-Mella, J.; Pongracz, E. Drivers and Constraints of Critical Materials Recycling: The Case of Indium. Resources 2016, 5, 34.
[CrossRef]
11. Held, M.; Jenny, R.D.; Hempel, M. Metalle Auf der Bühne der Menschheit; DBU-Umweltkommunikation; Oekom: Munich, Germany,
2018; Volume 11.
12. European Environment Agency. Circular by Design. Products in the Circular Economy; European Union: Copenhagen, Denmark, 2017.
13. Cook, G.; Jardim, E. Guide to Greener Electronics—2017 Company Report Card; Greenpeace Inc.: Washington, DC, USA, 2017.
14. World Economic Forum. A New Circular Vision for Electronics, Time for a Global Reboot. Available online: https://www.
weforum.org/reports/a-new-circular-vision-for-electronics-time-for-a-global-reboot/ (accessed on 10 July 2020).
15. European Commission Waste Electrical & Electronic Equipment (WEEE). Available online: https://ec.europa.eu/environment/
waste/weee/index_en.htm (accessed on 10 July 2020).
16. European Commission. Mitteilung der Kommission an das Europäische Parlament, Den Rat, Den Europäischen Wirtschafts- und Sozialauss-
chuss und Den Ausschuss der Regionen. Gestaltung der Digitalen Zukunft Europas; European Commission: Brussels, Belgium, 2020.
17. European Environment Agency. The European Environment—State and Outlook 2020: Knowledge for Transition to a Sustainable Europe;
Publications Office of the European Union: Copenhagen, Denmark, 2019.
18. Meskers, C.; Hagelüken, C. Complex Life Cycles of Precious and Special Metals. In Linkages of Sustainability; Graedel, T.E.,
Van der Voet, E., Eds.; MIT Press: London, UK, 2010; pp. 163–197.
19. European Union Directive 2008/98/EC of the European Parliament and of the Council of 19 November 2008 on Waste and
Repealing Certain Directives. Available online: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:312:0003:
0030:en:PDF (accessed on 28 July 2020).
20. European Union Directive 2002/96/EC of the European Parliament and of the Council of 27 January 2003 on Waste Electrical and
Electronic Equipment (WEEE). Available online: https://eur-lex.europa.eu/resource.html?uri=cellar:ac89e64f-a4a5-4c13-8d96-
1fd1d6bcaa49.0004.02/DOC_1&format=PDF (accessed on 28 July 2020).
21. European Union Directive 2012/19/EU of the European Parliament and of the Council of 4 July 2012 on Waste Electrical and
Electronic Equipment (WEEE). Available online: https://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2012:197:0038:
0071:en:PDF (accessed on 28 July 2020).
22. Martens, H.; Goldmann, D. Recyclingtechnik. Fachbuch für Lehre und Praxis; Springer: Wiesbaden, Germany, 2016.
23. Mathieux, F.; Ardente, F.; Bobba, S.; Nuss, P.; Blengini, G.; Alves Dias, P.; Blagoeva, D.; De Matos, T.C.; Wittmer, D.; Pavel, C.; et al.
Critical Raw Materials and the Circular Economy—Background Report; EUR 29595 EN; Publications Office of the European Union:
Luxembourg, 2017.
24. European Union Directive 2009/125/EC of the European Parliament and of the Council of 21 October 2009 Establishing a
Framework for the Setting of Ecodesign Requirements for Energy-Related Products. Available online: https://eur-lex.europa.eu/
LexUriServ/LexUriServ.do?uri=OJ:L:2009:285:0010:0035:en:PDF (accessed on 28 July 2020).
25. BIO Intelligence Service. Material-Efficiency Ecodesign Report and Module to the Methodology for the Ecodesign of Energy-Related
Products (MEErP). Part 1: Material Efficiency for Ecodesign. Available online: https://www.eup-network.de/fileadmin/user_
upload/Produktgruppen/ecodesign-BIO-IZM-WI-material-efficiency-meerp_en.pdf (accessed on 19 July 2020).
26. Wieser, H.; Tröger, N. Die Nutzungsdauer und Obsoleszenz von Gebrauchsgütern im Zeitalter der Beschleunigung. Eine Empirische
Untersuchung in Österreichischen Haushalten; Kammer für Arbeiter und Angestellte für Wien, Ed.; AK-Wien: Vienna, Austria, 2015.
27. Tröger, N.; Wieser, H.; Hübner, R. Smartphones werden häufiger ersetzt als T-Shirts. In Beiträge zur Verbraucherforschung Band 6:
Pack ein, Schmeiß’ Weg? Wegwerfkultur und Wertschätzung von Konsumgütern; Bala, C., Schuldzinski, W., Eds.; Verbraucherzentrale
NRW: Düsseldorf, Germany, 2017; pp. 80–102.
28. Wieser, H. Beyond Planned Obsolescence. Product Lifespan and the Challenges to a Circular Economy. GAIA 2016, 25, 156–160.
[CrossRef]
29. Cooper, T. Inadequate Life? Evidence of Consumer Attitudes to Product Obsolescence. J. Consum. Policy 2004, 27, 421–449.
[CrossRef]
30. Adler, B. Strategische Metalle—Eigenschaften, Anwendung und Recycling; Springer: Berlin/Heidelberg, Germany, 2017.
31. Cordella, M.; Alfieri, F.; Sanfelix, J. Guidance for the Assessment of Material Efficiency: Application to Smartphones; EUR 30068 EN;
Publications Office of the European Union: Luxembourg, 2020.
Resources 2021, 10, 5 12 of 13
32. Jardim, E. From Smart to Senseless: The Global Impact of 10 Years of Smartphone; Greenpeace Inc.: Washington, DC, USA, 2017.
33. European Commission. Report from the Commission to the European Parliament, the Council, the European Economic and Social
Committee and the Committee of the Regions. On the Implementation of the Circular Economy Action Plan; European Commission:
Brussels, Belgium, 2019.
34. European Commission. Study on the EU’s List of Critical Raw Materials—Final Report; Publications Office of the European Union:
Luxembourg, 2020.
35. U.S. Geological Survey (USGS). Mineral Commodity Summaries 2020; USGS: Reston, VA, USA, 2020.
36. Nordmann, J.; Welfens, M.J.; Fischer, D.; Nemnich, C.; Bookhagen, B.; Bienge, K.; Niebert, K. Die Rohstoff-Expedition. Entdecke,
Was in (d)Einem Handy Steckt! 2nd ed.; Springer: Berlin/Heidelberg, Germany, 2015.
37. Marscheider-Weidemann, F.; Langkau, S.; Hummen, T.; Erdmann, L.; Espinoza, L.T.; Angerer, G.; Marwede, M.; Benecke, S.
Rohstoffe für Zukunftstechnologien 2016; DERA Rohstoffinformationen 28; Deutsche Rohstoffagentur: Berlin, Germany, 2016.
38. Graedel, T.E.; Allwood, J.; Birat, J.-P.; Reck, B.K.; Sibley, S.F.; Sonnemann, G.; Buchert, M.; Hagelüken, C. Recycling Rates of Metals.
A Status Report; UNEP, Ed.; United Nations Environment Programme: Nairobi, Kenya, 2011.
39. Forti, V.; Balde, C.P.; Kuehr, R.; Bel, G. The Global E-Waste Monitor 2020: Quantities, Flows and the Circular Economy Potential; UNU:
Bonn, Germany; UNITAR: Geneva, Switzerland; ITU: Rotterdam, The Netherlands, 2020.
40. European Environment Agency. Is Europe Living within the Limits of Our Planet? An Assessment of Europe’s Environmental Footprints
in Relation to Planetary Boundaries; European Environment Agency: Copenhagen, Denmark, 2020.
41. Opschoor, J.B. Ecospace and the Fall and Rise of Throughput Intensity. Ecol. Econ. 1995, 15, 137–140. [CrossRef]
42. Meadows, D.; Meadows, D.; Zahn, E.; Milling, P. Die Grenzen des Wachstums. Bericht des Club of Rome Zur Lage der Menschheit;
Dva Informativ: Stuttgart, Germany, 1972.
43. Schmidt-Bleek, F. Wieviel Umwelt Braucht Der Mensch? MIPS—Das Maß Für Ökologisches Wirtschaften; Birkhäuser: Berlin, Germany, 1993.
44. Liedtke, C.; Bienge, K.; Wiesen, K.; Teubler, J.; Greiff, K.; Lettenmeier, M.; Rohn, H. Resource Use in the Production and
Consumption System—The MIPS Approach. Resources 2014, 3, 544–574. [CrossRef]
45. Hagelüken, C. Recycling of Electronic Scrap at Umicore Precious Metals Refining. In Proceedings of the Acta Metallurgica
Slovaca, Štrbské Pleso, Slovakia, 20–22 June 2006.
46. Nolte, A. Metals for Progress—Nachhaltige Multi-Metall-Gewinnung bei Aurubis. In Recycling und Rohstoffe; Thiel, S.,
Thome-Kozmiensky, E., Goldmann, D., Eds.; Thome-Kozmiensky Verlag GmbH: Neuruppin, Germany, 2018; Volume 11,
pp. 299–306.
47. Reuter, M.A.; Matusewicz, R.; Van Schaik, A. Lead, Zinc and Their Minor Elements: Enablers of a Circular Economy. World Metall.
2015, 68, 134–148.
48. Li, S.; Tang, M.; He, J.; Yang, S.; Tang, C.; Chen, Y. Extraction of Indium from Indium-Zinc Concentrates. Trans. Nonferrous Met.
Soc. China 2006, 16, 1448–1454. [CrossRef]
49. DIHK; DIN; ZDH. 1 × 1 Der Normung. Ein Praxisorientierter Leitfaden Für KMU. Available online: https://www.din.de/resource/
blob/69886/5bd30d4f89c483b829994f52f57d8ac2/kleines-1x1-der-normung-neu-data.pdf (accessed on 22 December 2020).
50. DIN e.V. Normen Und Standards Ebnen Der Circular Economy Den Weg. Available online: https://www.din.de/de/forschung-
und-innovation/themen/circular-economy (accessed on 15 October 2020).
51. Mouyal, N. Anwendung von Normen Auf Die Kreislaufwirtschaft. Available online: https://www.dke.de/de/arbeitsfelder/
components-technologies/news/anwendung-von-normen-auf-die-kreislaufwirtschaft (accessed on 31 August 2020).
52. International Electrotechnical Commission IEC TC 111. Available online: https://tc111.iec.ch/#about (accessed on 15 October 2020).
53. Kalyani, N.T.; Swart, H.; Dhoble, S.J. Principles and Applications of Organic Light Emitting Diodes (OLEDs); Woodhead Publishing:
Cambridge, UK, 2017.
54. British Geological Survey; Bureau de Recherches Géologiques et Minières; Deloitte Sustainability; European Commission;
Directorate-General for Internal Market, Industry, Entrepreneurship and SMEs; Toegepast natuurwetenschappelijk onderzoek.
Study on the Review of the List of Critical Raw Materials: Critical Raw Materials Factsheets; Publications Office of the European Union:
Luxembourg, 2017.
55. U.S. Geological Survey (USGS). Mineral Commodity Summaries. Available online: https://www.usgs.gov/centers/nmic/
mineral-commodity-summaries (accessed on 13 December 2020).
56. Watari, T.; Nansai, K.; Nakajima, K. Review of Critical Metal Dynamics to 2050 for 48 Elements. Resour. Conserv. Recycl. 2020,
155, 104669. [CrossRef]
57. Angerer, G.; Marscheider-Weidemann, F.; Lüllmann, A.; Erdmann, L.; Scharp, M.; Handke, V.; Marwede, M. Rohstoffe für
Zukunftstechnologien, 2nd ed.; Fraunhofer IRB Verlag: Stuttgart, Germany, 2009.
58. Schwarz-Schampera, U. Indium. In Critical Metals Handbook; Gunn, G., Ed.; John Wiley & Sons: Nottingham, UK, 2014;
pp. 204–229.
59. Werner, T.T.; Gavin, M.M.; Simon, M.J. The World’s by Product and Critical Metal Resources Part III: A Global Assessment of
Indium. Ore Geol. Rev. 2017, 86, 939–956. [CrossRef]
60. Nassar, N.T.; Graedel, T.E.; Harper, E.M. By-Product Metals Are Technologically Essential but Have Problematic Supply. Adv. Sci.
2015, 1, e1400180. [CrossRef] [PubMed]
61. Mostert, C.; Bringezu, S. Measuring Product Material Footprint as New Life Cycle Impact Assessment Method: Indicators and
Abiotic Characterization Factors. Resources 2019, 8, 61. [CrossRef]
Resources 2021, 10, 5 13 of 13
62. European Commission. Leading the Way to a Global Circular Economy: State of Play and Outlook; European Commission:
Brussels, Belgium, 2020.
63. Graedel, T.E.; Nassar, N.T. The criticality of metals: A perspective for geologists. In Ore Deposits in an Evolving Earth; Jenkin, G.R.T.,
Lusty, P.A.J., McDonald, I., Smith, M.P., Boyce, A.J., Wilkinson, J.J., Eds.; The Geological Society of London: London, UK, 2013.
64. Li, Y.; Liu, Z.; Li, Q.; Liu, Z.; Li, Z. Recovery of Indium from Used Indium-Tin Oxide (ITO) Targets. Hydrometallurgy 2011,
105, 207–212. [CrossRef]
65. DKE Alles Rund um den Normungsprozess. Available online: https://www.dke.de/de/normen-standards/grundlagen-der-
normung/normungsprozess (accessed on 28 January 2020).
66. International Electrotechnical Commission. Preparing the Circular Economy; E-Tech: Geneva, Switzerland, 2019; pp. 1–20.
67. Van Schaik, A.; Reuter, M.A. Product Centric Simulation Based Design for Recycling (DfR) and Design for Resource Efficiency (DfRE)—10
Fundamental Rules & General Guidelines for Design for Recycling & Resource Efficiency; NVMP/Wecycle: Zoetermeer, The Netherlands, 2014.
68. Van Schaik, A.; Reuter, M.A. Product Centric Design for Recycling: Predicting Recycling Rates—An Example on LED Lamp
Recycling. In Proceedings of the Going Green—Care Innovation, Vienna, Austria, 17–20 November 2014.
69. Mancini, L.; Vidal Legaz, B.; Vizzarri, M.; Wittmer, D.; Grassi, G.; Pennington, D. Mapping the Role of Raw Materials in Sus-
tainable Development Goals. A Preliminary Analysis of Links, Monitoring Indicators, and Related Policy Initiatives; EUR 29595 EN;
European Union: Luxembourg, 2019.
